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Physicists	
  Find	
  Elusive	
  Par3cle	
  Seen	
  as	
  Key	
  to	
  Universe	
  

ScienGsts	
  in	
  Geneva	
  on	
  Wednesday	
  applauded	
  the	
  discovery	
  of	
  a	
  
subatomic	
  parGcle	
  that	
  looks	
  like	
  the	
  Higgs	
  boson.	
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A	
  Long	
  Journey	
  

S.	
  Dawson	
   3	
  



Decades	
  of	
  Theory	
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A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON 
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CERN, Geneva 

Received 7 November 1975 

A discussion is given of the production, decay and observability of the scalar Higgs 
boson H expected in gauge theories of the weak and electromagnetic interactions such as 
the Weinberg-Salam model. After reviewing previous experimental limits on the mass of 
the Higgs boson, we give a speculative cosmological argument for a small mass. If its mass 
is similar to that of the pion, the Higgs boson may be visible in the reactions n-p + Hn or 
yp --t Hp near threshold. If its mass is < 300 MeV, the Higgs boson may be present in the 
decays of kaons with a branching ratio 0(10-T), or in the decays of one of the new par- 
ticles: 3.7 + 3.1 + H with a branching ratio 0(10e4). If its mass is <4 GeV, the Higgs 
boson may be visible in the reaction pp --f H + X, H --f n+p-. If the Higgs boson has a mass 
<2m , the decays H -+ e+e- and H + y-r dominate, and the lifetime is 0(6 X 10m4 to 
2 X ib-12) seconds. As thresholds for heavier particles (pions, strange particles, new par- 
ticles) are crossed, decays into them become dominant, and the lifetime decreases rapidly 
to O(lO-*o) set for a Higgs boson of mass 10 CeV. Decay branching ratios in principle 
enable the quark masses to be determined. 

1. Introduction 

Many people now believe that weak and electromagnetic interactions may be de- 
scribed by a unified, renormalizable, spontaneously broken gauge theory [l]. This 
view has not been discouraged by the advent of neutral currents, or the existence of 
the new narrow resonances [2]. These latter may well be a manifestation of some 
form of “charm”, a new hadronic degree of freedom [3] favoured by constructors 
of weak and electromagnetic interaction models. A comprehensive discussion of the 
phenomenology of conventional charm has been given by Gaillard, Lee and Rosner [4] 
At the time of writing, the discovery of charm has not been confirmed, but gauge 
theorists are not yet discouraged. 

Other particles have been suggested by gauge theorists, including heavy leptons [5], 
Higgs bosons [6] and intermediate vector bosons. Experimental searches for heavy 
leptons M+ coupled to muon neutrinos have ruled out [7] masses below 8 GeV. From 

* And Laboratoire de Physique Theorique et Particules Elementaires, associe au CNRS, Orsay. 
l * Address after 1 January 1976: Ecole Normale Superieure, Paris. 
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SPIRES:	
  find	
  t	
  Higgs	
  	
  	
  	
  
13,214	
  papers	
  



Decades	
  of	
  Effort	
  
•  Theory:	
  1964	
  
•  Design:	
  1984	
  
•  ConstrucGon:1998	
  
•  Discovery:	
  2012	
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Three	
  vital	
  ingredients:	
  	
  
Accelerator,	
  Detectors,	
  
Theory	
  



Both	
  ATLAS	
  and	
  CMS	
  have	
  
close	
  to	
  10σ	
  significance	
  

We	
  discovered	
  a	
  Higgs	
  boson!	
  
•  The	
  Standard	
  Model	
  is	
  very	
  predicGve	
  (testable!)	
  
•  Only	
  free	
  parameter	
  is	
  Mh	
   CMS	
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It’s	
  for	
  real.	
  	
  But	
  is	
  it	
  THE	
  Higgs?	
  	
  
And	
  is	
  there	
  more?	
  What	
  next?	
  

3.4σ	

 3.6σ	



Probability	
  of	
  10	
  σ	
  event	
  being	
  
random	
  is	
  10-­‐23	
  



Important	
  Higgs	
  Facts:	
  
•  Higgs	
  couplings	
  are	
  proporGonal	
  to	
  
mass:	
  
–  Higgs	
  coupling	
  to	
  top	
  is	
  mt/v	
  
–  Higgs	
  coupling	
  to	
  W	
  is	
  gMW	
  

•  Predict	
  experimental	
  quanGGes	
  in	
  
terms	
  of	
  Higgs	
  mass:	
  
–  A	
  consistent	
  framework	
  for	
  calculaGons	
  
– Without	
  the	
  Higgs,	
  MW	
  predicGon	
  
would	
  be	
  infinite	
  

– MW=(known	
  stuff)+(….)mt
2/MW

2+
(…)log(Mh

2/MW
2)	
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Precision	
  Physics	
  Before	
  Higgs	
  Discovery	
  

Self-consistency of the theory told us the Higgs 
couldn’t be too heavy without new physics 

Experimental 
measurements 
from Fermilab 

Theory	
  predicGons	
  

Inferred values of 
MW and Mt from 
other experiments 

Mtop (GeV) 

M
W

(G
eV

) 
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Data	
  Consistent	
  with	
  SM	
  Hypothesis	
  

Couplings	
  to	
  both	
  
fermions	
  and	
  gauge	
  
bosons	
  observed	
  with	
  
rates	
  which	
  are	
  consistent	
  
with	
  predicGons	
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CMS	
  :	
  Data/theory	
  =	
  0.80±	
  0.14	
  
ATLAS	
  :	
  Data/theory	
  =1.23±	
  0.18	
  

Lots	
  of	
  theory	
  dependence	
  in	
  the	
  denominator!	
  



Higgs	
  Couples	
  to	
  Mass!	
  
•  Very	
  precise	
  predicGons	
  

–  Couplings	
  to	
  fermions	
  proporGonal	
  to	
  mass	
  
–  Couplings	
  to	
  gauge	
  bosons	
  proporGonal	
  to	
  mass	
  

–  Higgs	
  self-­‐couplings	
  proporGonal	
  to	
  Mh
2	
  

Couplings	
  must	
  
have	
  this	
  paiern	
  if	
  
model	
  is	
  correct	
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*t	
  coupling	
  inferred	
  from	
  
ggh	
  top	
  loop	
  producGon	
  
rate	
  



What	
  We	
  Know	
  

	
  	
  -­‐	
  H	
  is	
  electrically	
  neutral	
  
	
  	
  	
  -­‐	
  	
  H	
  is	
  likely	
  to	
  be	
  spin-­‐0	
  
	
  	
  	
  -­‐	
  	
  H	
  cannot	
  be	
  spin-­‐1	
  (Yang’s	
  theorem)	
  
	
  	
  	
  -­‐	
  	
  H	
  can	
  be	
  spin-­‐2	
  (disfavored)	
  

-­‐  Quantum	
  numbers	
  consistent	
  with	
  Higgs	
  
giving	
  mass	
  to	
  W	
  and	
  Z	
  

H	
  à	
  γγ	
  :	
  

	
  	
  H	
  à	
  ZZ,	
  W+W-­‐	
  :	
  
q
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N
or
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is
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γγ →H 

-1Ldt = 20.7 fb∫ = 8 TeV  s

Data	
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�†�ZµZ
µ ! h < h > ZµZ⌫



Needed	
  Something	
  like	
  a	
  Higgs	
  

•  The	
  Higgs	
  parGcle	
  interacGons	
  need	
  to	
  explain:	
  
–  Non-­‐zero	
  mass	
  of	
  W	
  and	
  Z	
  gauge	
  bosons	
  
–  Non-­‐zero	
  mass	
  of	
  fermions	
  
–  Consistency	
  of	
  low	
  energy	
  measurements	
  	
  

•  The	
  theory	
  would	
  give	
  infinity	
  without	
  a	
  Higgs-­‐like	
  object	
  
•  Precision	
  electroweak	
  data	
  (such	
  as	
  the	
  Tevatron	
  
measurement	
  of	
  the	
  W	
  mass)	
  is	
  consistent	
  with	
  SM	
  	
  

12	
  

So the fact that the observed Higgs 
particle looks SM-like is no surprise 

S.	
  Dawson	
  



The	
  SM	
  can’t	
  be	
  complete	
  
•  It	
  doesn’t	
  explain:	
  

–  Neutrino	
  masses	
  
–  The	
  paiern	
  of	
  fermion	
  masses	
  
–  Dark	
  maier	
  
–  Baryon	
  asymmetry	
  

If	
  new	
  physics	
  explains	
  any	
  of	
  this,	
  how	
  do	
  we	
  
get	
  a	
  handle	
  on	
  the	
  relevant	
  energy	
  scale?	
  

The	
  boiom	
  line:	
  	
  The	
  Higgs	
  boson	
  looks	
  SM	
  like	
  and	
  we	
  
haven’t	
  found	
  any	
  other	
  new	
  parGcles…..but	
  we	
  expect	
  
them	
  soon……	
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The	
  Future	
  Precision	
  Higgs	
  Program	
  
•  Higgs	
  ProperGes	
  

– Mass/width	
  (Mass	
  is	
  a	
  free	
  parameter;	
  width	
  is	
  predicted)	
  
–  Spin-­‐parity	
  (predicted)	
  
–  Couplings	
  (predicted)	
  

•  Search	
  for	
  new	
  Higgs-­‐like	
  parGcles	
  

We	
  are	
  entering	
  the	
  next	
  discovery	
  
phase	
  of	
  Higgs	
  physics	
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125	
  GeV	
  



How	
  Rare	
  is	
  a	
  Higgs?	
  
•  The	
  LHC	
  has	
  made:	
  

1010	
  b	
  quark	
  pairs	
  

108	
  W	
  bosons	
  

107	
  Z	
  bosons	
  

105	
  Higgs	
  bosons	
  

105	
  top	
  quark	
  pairs	
  

1	
  Higgs	
  for	
  every	
  100,000	
  b	
  quark	
  pairs	
  
S.	
  Dawson	
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Mh=125	
  GeV	
  Ideal	
  for	
  Experiment	
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Can	
  measure	
  many	
  
decay	
  channels	
  

•  Most	
  of	
  the	
  Gme	
  the	
  
Higgs	
  decays	
  to	
  b	
  
quarks	
  

•  Have	
  observed	
  the	
  
rarer	
  decays	
  
(γγ,ττ,WW,ZZ)	
  

Need	
  more	
  data!	
  



Where	
  does	
  the	
  Higgs	
  go?	
  



What	
  we	
  hope	
  for	
  

Scale	
  of	
  new	
  physics	
  

Co
up

lin
g	
  
de

vi
aG

on
	
  fr
om

	
  S
M
	
   If	
  we	
  measure	
  a	
  large	
  deviaGon	
  

of	
  a	
  Higgs	
  coupling	
  	
  from	
  the	
  SM,	
  
can	
  we	
  associate	
  it	
  with	
  a	
  scale	
  of	
  
new	
  physics?	
  

Proof	
  by	
  exhaus3on	
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For	
  this	
  to	
  work,	
  we	
  have	
  to	
  
understand	
  the	
  SM	
  first	
  
(Remember	
  precision	
  
measurements	
  at	
  LEP!)	
  



Precision	
  Higgs	
  ProducGon	
  
Theory	
  uncertainGes	
  in	
  Higgs	
  producGon	
  at	
  14	
  TeV	
  

Scale	
   PDF	
  +	
  as	
   Total	
  (linear	
  sum)	
  

ggF	
   +12,	
  -­‐8%	
   ±7%	
   +20,	
  -­‐15%	
  

ih	
   +6,	
  -­‐9%	
   ±9%	
   +15,	
  -­‐18%	
  

VBF	
   +.7,	
  -­‐.4%	
   +2,	
  -­‐2.6%	
   ±3%	
  

VH	
   +.3,	
  -­‐.6%	
   ±4%	
   ±4%	
  

Need	
  to	
  improve	
  SM	
  calcula3ons	
  and	
  their	
  inputs	
  (especially	
  
PDFs)	
  	
  as	
  we	
  enter	
  a	
  new	
  era	
  of	
  precision	
  Higgs	
  physics	
  



Precision	
  Measurements	
  vs	
  Direct	
  
ObservaGon	
  of	
  New	
  ParGcles	
  

•  Is	
  there	
  a	
  clear	
  answer	
  to	
  how	
  precisely	
  
we	
  need	
  to	
  measure	
  Higgs	
  couplings	
  to	
  
get	
  insight	
  into	
  new	
  physics?	
  

•  If	
  new	
  parGcles	
  are	
  excluded	
  to	
  some	
  
scale,	
  what	
  does	
  that	
  tell	
  us	
  about	
  the	
  
target	
  for	
  measuring	
  Higgs	
  couplings?	
  

S.	
  Dawson	
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Report	
  of	
  Snowmass	
  Higgs	
  Working	
  Group,	
  Dawson,	
  Gritsen,	
  
Logan,	
  Qian,	
  Tully,	
  van	
  Kooten,	
  arXiv:	
  1310.8361	
  	
  



Measure	
  DeviaGons	
  from	
  PredicGons	
  
•  Current	
  LHC	
  measurements	
  constrain	
  Higgs	
  
couplings	
  to	
  ~20-­‐30%	
  deviaGons	
  from	
  predicGons	
  

•  Scale	
  Higgs	
  couplings	
  by	
  fudge	
  factors,	
  	
  
–   κ (=1	
  in	
  Standard	
  Model)	
  

•  Look	
  at	
  10	
  year	
  plan	
  (300	
  w-­‐1)	
  and	
  20	
  year	
  plan	
  
(3000	
  w-­‐1)	
  

S.	
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Example:
gg H γγ→ →



•  Different	
  scenarios	
  assumed	
  by	
  CMS	
  and	
  ATLAS	
  
–  ATLAS:	
  with	
  and	
  without	
  theory	
  error	
  (same	
  syst.)	
  
–  CMS:	
  (a)	
  Same	
  systemaGcs	
  as	
  today	
  and	
  (b)	
  systemaGcs	
  scales	
  
as	
  1/√L	
  and	
  theory	
  error	
  halved	
  

LHC	
  Coupling	
  ProjecGons	
  

22	
   S.	
  Dawson	
  

ECFA,	
  2013	
  
Ul#mately,	
  2-­‐5%	
  measurements	
  



How	
  well	
  do	
  we	
  NEED	
  to	
  measure	
  
Higgs	
  Couplings?	
  

•  LHC	
  measures	
  σ�BR	
  (products	
  of	
  couplings)	
  

0th	
  order	
  answer:	
  	
  We	
  found	
  a	
  new	
  parGcle	
  which	
  we	
  
hypothesize	
  is	
  the	
  quanta	
  of	
  EWSB.	
  	
  We	
  want	
  to	
  measure	
  
couplings	
  as	
  precisely	
  as	
  possible	
  

1st	
  order	
  answer:	
  	
  Let’s	
  see	
  what	
  kind	
  of	
  deviaGons	
  we	
  
might	
  expect	
  in	
  reasonable	
  scenarios	
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•  To	
  be	
  sensiGve	
  to	
  deviaGon	
  Δ,	
  need	
  to	
  measure	
  to	
  Δ/3	
  or	
  Δ/5	
  



•  Models	
  to	
  explain	
  dark	
  maier,	
  flavor	
  o0en	
  have	
  more	
  than	
  
1	
  Higgs	
  boson	
  
–  Simple	
  example:	
  SM	
  Higgs	
  mixed	
  with	
  electroweak	
  singlet,	
  S	
  

	
  
	
  
	
  

•  Universal	
  rescaling	
  of	
  Higgs	
  couplings,	
  κF=κV=cos	
  θ	



	
  	
  

	
  AddiGonal	
  Higgs	
  Singlet	
  

SM	
  

SM	
  

24	
  

Coupling	
  to	
  light	
  Higgs,	
  h	
  ~	
  cos	
  θ	


Coupling	
  to	
  heavy	
  Higgs,	
  H	
  ~	
  sin	
  θ	



S.	
  Dawson	
  

Measure	
  Higgs	
  couplings	
  and/or	
  look	
  for	
  heavy	
  Higgs	
  



Complementary	
  Approaches	
  
•  Find	
  the	
  heavier	
  Higgs	
  and/or	
  measure	
  deviaGons	
  in	
  
couplings	
  

•  What	
  is	
  largest	
  sin	
  θ	
  such	
  that	
  we	
  won’t	
  see	
  H	
  (heavier	
  
Higgs)	
  at	
  LHC	
  with	
  100	
  w-­‐1?	
  
–  For	
  MH=1.1	
  TeV	
  expect	
  13	
  signal	
  events,	
  7	
  background	
  	
  
	
  	
  	
  	
  (S/√B~5)	
  
–  To	
  see	
  new	
  physics	
  (without	
  observing	
  H)	
  need	
  (sin	
  θ)2	
  <	
  .12	
  

Target	
  precision:	
  

[Gupta,	
  Rzehak,	
  Wells,	
  arXiv:1206.3560]	
  

� ⇠ � sin2 ✓

2
⇠ �6%
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Some	
  PossibiliGes	
  
•  Assume	
  new	
  physics	
  (M)	
  is	
  at	
  1	
  TeV:	
  

–  Typical	
  effects	
  on	
  Higgs	
  couplings δκ~(MZ/M)2	
  

–  The	
  paiern	
  of	
  deviaGons	
  is	
  what	
  pinpoints	
  new	
  physics	
  

S.	
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Model	
   δκW,	
  δκZ	
   δκb	
   δκγ	


Singlet	
  Mixing	
   ~-­‐6%	
   ~-­‐6%	
   ~-­‐6%	
  

2HDM	
   ~1%	
   ~10%	
   ~1%	
  

Decoupling	
  
MSSM	
  

~-­‐.0001%	
   ~-­‐2%	
   -­‐.4%	
  

Composite	
   ~-­‐3%	
   -­‐(3-­‐9)%	
   -­‐9%	
  

Top	
  partner	
   ~-­‐2%	
   ~-­‐2%	
   ~1%	
  



Big	
  Dreams	
  for	
  the	
  Future	
  
•  33,	
  70,…..,100	
  TeV	
  pp	
  collider	
  
•  250/500/1000	
  GeV	
  e+e-­‐	
  collider	
  (ILC)	
  
•  3	
  TeV	
  e+e-­‐	
  collider(CLIC)	
  
•  Up	
  to	
  10	
  TeV	
  µ+µ-­‐	
  

•  A4er	
  the	
  Higgs,	
  no	
  guaranteed	
  discoveries	
  
– But	
  many	
  quesGons	
  remain	
  suggesGng	
  new	
  
physics	
  beyond	
  the	
  SM	
  (flavor,	
  dark	
  maier….)	
  

High	
  energy	
  machines	
  are	
  discovery	
  machines	
  

S.	
  Dawson	
   27	
  



Super	
  High	
  Energy	
  pp	
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Studies	
  beginning	
  at	
  
CERN	
  and	
  in	
  China	
  

•  OpGmal	
  energy	
  for	
  physics	
  not	
  
yet	
  determined	
  

•  100	
  km	
  ring	
  with	
  15	
  T	
  magnets	
  
gives	
  √s=100	
  TeV	
  

•  Large	
  cross	
  secGons	
  for	
  SM	
  
processes	
  and	
  BSM	
  discovery	
  



Bread	
  and	
  Buier	
  SM	
  Physics	
  

Process	
   σ(100	
  TeV)/σ(14	
  TeV)	
  
W	
   7	
  
Z	
   7	
  
WW	
   10	
  
i	
   33	
  

•  Large	
  samples	
  of	
  W/Z/top/Higgs	
  at	
  high	
  energy	
  pp	
  
	
  

	
  

S.	
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MCFM + Higgs European Strategy

Physics	
  case	
  for	
  using	
  these	
  large	
  samples	
  is	
  in	
  its	
  infancy	
  



Higgs	
  ProperGes	
  	
  

•  Advantage	
  of	
  hadron	
  machines:	
  
–  Large	
  cross	
  secGons	
  at	
  high	
  energy	
  pp	
  

√S=14	
  TeV	
   √S=33	
  TeV	
   √S=100	
  TeV	
  

ggF	
   50.4	
  pb	
   178	
  pb	
   740	
  pb	
  

VBF	
   4.4	
  pb	
   17	
  pb	
   82	
  pb	
  

WH	
   1.6	
  pb	
   4.7	
  pb	
   16	
  pb	
  

iH	
   .62	
  pb	
  	
   4.6	
  pb	
   38	
  pb	
  

HH	
   .034	
  pb	
   .2	
  pb	
   1	
  pb	
  

[Higgs	
  cross	
  secGon	
  working	
  group]	
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Higgs	
  producGon:	
  



e+e-­‐	
  Colliders	
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Advantage:	
  	
  Coupling	
  extracGons	
  don’t	
  
need	
  assumpGons	
  about	
  total	
  width	
  



Start	
  with	
  Higgs	
  Couplings	
  

•  Compare	
  capabiliGes	
  for	
  extracGng	
  Higgs	
  couplings	
  at	
  CLIC,	
  γγ,	
  
ILC,	
  LHC	
  (3000	
  w-­‐1),	
  33	
  TeV	
  LHC,	
  100	
  TeV	
  LHC,	
  µC,	
  TLEP	
  

•  No	
  value	
  judgement	
  about	
  realiGes	
  of	
  machine	
  parameters	
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[Snowmass	
  Higgs	
  Working	
  Group	
  Report,	
  arXiv:1310.8361]	
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Examples	
  of	
  Comparisons	
  
•  Redo	
  e+e-­‐	
  fits	
  with	
  SM	
  ΓH	
  restricGons	
  and	
  7	
  parameter	
  fits	
  

33	
  

*	
  This	
  assumpGon	
  not	
  needed	
  for	
  e+e-­‐	
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Top	
  Yukawa	
  ParGcularly	
  InteresGng	
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Does	
  the	
  Higgs	
  come	
  from	
  the	
  SM	
  PotenGal?	
  

4
2

2
3

2
2

2

822
H

v
MH

v
MHMV HHH ++=

•  Need	
  to	
  measure	
  HHH	
  and	
  HHHH	
  couplings	
  
•  HHH	
  coupling	
  can	
  be	
  measured	
  with	
  HH	
  producGon	
  

BSM	
  models	
  can	
  change	
  the	
  HHH	
  and	
  
HHHH	
  couplings	
  by	
  factors	
  ~	
  10-­‐20%*	
  

*Models	
  are	
  restricted	
  by	
  requiring	
  single	
  H	
  producGon	
  
to	
  have	
  experimentally	
  measured	
  value	
  



Higgs	
  Self	
  Coupling	
  

•  SensiGve	
  to	
  HHH	
  coupling	
  and	
  new	
  parGcles	
  in	
  loops	
  
•  Small	
  rates	
  at	
  LHC:	
  	
  

–  bbγγ	
  gives	
  3σ	
  with	
  3	
  ab-­‐1	
  (270	
  events	
  with	
  3	
  ab-­‐1)	
  
–  30%	
  measurement	
  of	
  λHHH	
  with	
  2	
  experiments	
  for	
  SM	
  
–  8%	
  with	
  100	
  TeV	
  pp	
  

	
  [GuessGmate	
  from	
  Snowmass	
  Higgs	
  Report,	
  arXiv:1310.8361;	
  
	
  Yao,	
  Snowmass	
  study,	
  arXiv:	
  1308.6302]	
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e+e-­‐	
  	
  machines	
  have	
  low	
  rates	
  for	
  HH	
  
	
  

ECM	
  (GeV)	
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  µ Collider	
  δλΗΗΗ <	
  10%	
  at	
  6	
  TeV	
  



Higgs	
  Width/Mass	
  Measurements	
  

•  µ+µ-­‐	
  collider:	
  	
  Energy	
  scan	
  gives	
  MH,	
  ΓH	
  

–  s-­‐channel	
  with	
  4.2	
  w-­‐1	
  

      ΔMH	
  	
  =	
  .06	
  MeV,	
  ΔΓH	
  =	
  .18	
  MeV	
  

[Table	
  from	
  Snowmass	
  Higgs	
  Report,	
  arXiv:1310.8361;	
  	
  
Figure	
  from	
  Han,	
  Liu,	
  arXiv:	
  1210.7803]	
  

ILC1000	
   CLIC	
   TLEP	
  (4	
  IP)	
   µC	
  

√S	
  (GeV)	
   250/500/1000	
   350/1400/3000	
   240/350	
   126	
  

L	
  (w-­‐1)	
   250+500+1000	
   500+1500+2000	
   10,000+2600	
  

ΔMH	
  (MeV)	
   32	
   20*	
   7	
   .06	
  

ΓH	
   5.6%	
   4%*	
   0.6%	
   4.3%	
  

S.	
  Dawson	
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  *New	
  since	
  Snowmass	
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Why	
  We	
  Care	
  About	
  Mh	
  

•  The	
  Higgs	
  sector	
  is	
  perturbaGve	
  

	
  
	
  
•  We	
  can	
  sensibly	
  calculate	
  to	
  
high	
  scales	
  
–  Assuming	
  no	
  new	
  physics!	
  

•  Is	
  Mh=125-­‐126	
  GeV	
  special?	
  

S.	
  Dawson	
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� ⇠ .13, µ ⇠ 90 GeV
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[Buiazzo	
  et	
  al,	
  1307.3536]	
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Are	
  we	
  done?	
  

•  Standard	
  Model	
  is	
  beauGful	
  and	
  explains	
  Higgs	
  
measurements	
  

•  But…..	
  
–  It	
  doesn’t	
  explain	
  the	
  paiern	
  of	
  masses	
  

• Why	
  is	
  Mtop>>mboiom	
  ?	
  
• Why	
  are	
  neutrinos	
  so	
  light?	
  

–  It	
  doesn’t	
  explain	
  dark	
  maier	
  or	
  dark	
  energy	
  
– Many	
  models	
  proposed	
  to	
  explain	
  various	
  
features	
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NO	
  



We	
  expect	
  something	
  beyond	
  Higgs	
  

•  Easy	
  to	
  construct	
  a	
  theory	
  which	
  looks	
  a	
  lot	
  
like	
  the	
  Higgs	
  model	
  

•  We	
  could	
  have	
  more	
  Higgs	
  parGcles	
  
•  The	
  Higgs	
  could	
  interact	
  slightly	
  differently	
  
than	
  our	
  model	
  
– This	
  would	
  require	
  new	
  (as	
  yet	
  undiscovered)	
  
heavy	
  parGcles	
  

– There	
  are	
  theoreGcal	
  moGvaGons	
  for	
  such	
  models	
  

Many	
  possibiliGes—
most	
  of	
  which	
  
involve	
  new	
  heavy	
  
parGcles	
  which	
  
could	
  be	
  found	
  at	
  
the	
  LHC	
  

Higgs	
  observaGon	
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Many	
  PossibiliGes	
  excluded	
  by	
  LHC	
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1	
  TeV	
  

The	
  proof	
  by	
  exhaus3on	
  school	
  of	
  physics!	
  



δMH	
  ~	
  125	
  GeV	
  requires	
  Λ	
  ~	
  600	
  GeV	
  

 PinpoinGng	
  the	
  Scale	
  of	
  New	
  Physics	
  

•  Higgs	
  mass	
  grows	
  with	
  high	
  scale,	
  Λ	
  (a	
  priori	
  Λ=Mpl)	
  

H H 

•  Argument	
  suggests	
  new	
  physics	
  at	
  (?)	
  TeV	
  scale	
  
•  Is	
  scale	
  1,2,….10	
  TeV?	
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The	
  Naturalness	
  ConnecGon	
  

•  Generically,	
  soluGons	
  to	
  naturalness	
  involve	
  new	
  
parGcles,	
  which	
  lead	
  to	
  deviaGons	
  in	
  Higgs	
  couplings	
  

SM	
  parGcles	
  

�M2
H ⇠ �(125 GeV )2

✓
⇤

600 GeV

◆2

New	
  stuff	
  

�M2
H ⇠ +(125 GeV )2

✓
⇤

Mnew

◆2

For	
  this	
  cancella3on	
  to	
  work,	
  new	
  stuff	
  
can’t	
  be	
  too	
  much	
  above	
  TeV	
  scale	
  

S.	
  Dawson	
   45	
  



The	
  Naturalness	
  ConnecGon	
  
•  Generically,	
  soluGons	
  to	
  naturalness	
  involve	
  new	
  
parGcles,	
  which	
  lead	
  to	
  deviaGons	
  in	
  Higgs	
  couplings	
  

New	
  stuff	
  

<h>	
   MSSM	
  light	
  stops	
  generically	
  
contribute	
  (no	
  mixing):	
  

Target	
  precision	
  <	
  3%	
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2
g =

�(gg ! h)

�(gg ! h) |SM
⇠ 1 +

✓
700 GeV

m̃t

◆2

3%

As	
  LHC	
  limits	
  on	
  new	
  par#cles	
  increase,	
  
target	
  precision	
  decreases	
  



New	
  Physics	
  in	
  Loops	
  
•  Might	
  expect	
  to	
  see	
  deviaGons	
  in	
  loop	
  processes	
  first	
  

–  New	
  heavy	
  parGcles	
  could	
  make	
  large	
  contribuGons	
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ATLAS	
  @68%	
  CL	
  
kg	
  =	
  1.04±0.14	
  	
  
kγ	
  =	
  1.20±0.14	
  	
  

κγ	



κ g
	
  

The	
  hope	
  that	
  we	
  can	
  
discover	
  new	
  physics	
  by	
  
observing	
  large	
  deviaGons	
  
in	
  Higgs	
  processes	
  is	
  
under	
  tension	
  

The	
  LHC	
  14	
  TeV	
  run	
  should	
  clarify	
  this!	
  



Precision	
  Measurements	
  and	
  BSM	
  Physics	
  
•  Precision	
  Higgs	
  measurements	
  can	
  point	
  to	
  the	
  
existence	
  of	
  new	
  physics,	
  but	
  can’t	
  tell	
  you	
  what	
  it	
  is	
  
–  SM	
  framework	
  allowed	
  predicGons	
  for	
  mt	
  and	
  MH	
  in	
  terms	
  
of	
  well	
  defined	
  theory	
  and	
  observables	
  

–  Different	
  case	
  now:	
  Paiern	
  of	
  deviaGons	
  from	
  SM	
  can	
  
suggest	
  possibiliGes,	
  but	
  there	
  is	
  no	
  standard	
  BSM	
  

–  In	
  some	
  cases,	
  sensiGvity	
  to	
  very	
  high	
  scales,	
  but	
  not	
  
guaranteed	
  

•  High	
  energy	
  machines	
  directly	
  produce	
  parGcles	
  
associated	
  with	
  new	
  physics	
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If	
  no	
  new	
  parGcles	
  at	
  LHC	
  

•  EffecGve	
  Lagrangians	
  can	
  be	
  used	
  to	
  describe	
  physics	
  
–  Construct	
  interacGons	
  which	
  respect	
  SU(2)	
  x	
  U(1)	
  symmetry	
  
–  Expand	
  in	
  powers	
  of	
  s/Λ2:	
  L	
  ~	
  LSM+Σfi	
  Oi/Λ2+	
  ….	
  

•  Effects	
  grow	
  with	
  energy	
  
•  Precision	
  measurements	
  of	
  VBF	
  at	
  CLIC,	
  high	
  energy	
  pp	
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[Electroweak	
  Snowmass	
  Report,	
  arXiv:	
  1310.6708]	
  



Neutrinos	
  and	
  the	
  Higgs	
  
•  High	
  energy	
  effects	
  of	
  new	
  physics	
  suppressed	
  by	
  
large	
  masses	
  	
  

•  SystemaGc	
  classificaGon	
  of	
  new	
  in	
  terms	
  of	
  1/Λ	


	
  

•  In	
  the	
  Standard	
  Model,	
  no	
  neutrino	
  masses	
  
–  Only	
  one	
  dimension	
  5	
  operator	
  
–  EffecGve	
  interacGons	
  naturally	
  contain	
  Majorana	
  neutrino	
  
masses	
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L ⇠ LSM +
L5

⇤
+

L6

⇤2
+ . . . .

L5 = 1
⇤ (L�)(L�) !

1
⇤ (L < h >)(L < h >) = v2

⇤ ⌫⌫



Conclusions	
  
•  Can	
  we	
  find	
  new	
  physics	
  by	
  precision	
  measurements	
  
of	
  Higgs	
  couplings?	
  
–  To	
  start,	
  we	
  have	
  to	
  get	
  SM	
  theory	
  and	
  PDFs	
  under	
  bePer	
  
control	
  

•  I	
  haven’t	
  found	
  examples	
  where	
  lever	
  arm	
  gets	
  you	
  
to	
  mulG-­‐TeV	
  scale	
  BSM	
  physics	
  from	
  precision	
  Higgs	
  
measurements	
  
–  This	
  argues	
  for	
  searching	
  for	
  direct	
  producGon	
  of	
  new	
  
parGcles	
  
	
  
•  However…..	
  Predic3ons	
  are	
  always	
  tricky	
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